Abstract Secreted protein, acidic, and rich in cysteine (SPARC) is thought to regulate cell matrix interaction during wound repair. We hypothesized that SPARC might promote migration via integrin-dependent mechanisms. The present study was designed to clarify the contribution of SPARC in the wound healing process after myocardial infarction (MI). Adult mice received a specific α v integrin inhibitor or vehicle through osmotic mini pumps. Mice of each group were either sham-operated or MI was induced. SPARC expression was investigated 2 days, 7 days, and 1 month after the surgical procedure. For migration assays, a modified Boyden chamber assay was used. A transient increase of SPARC levels was observed, starting at day 2 (2.55±0.21), day 7 (3.72±0.28), and 1 month (1.9±0.16) after MI. After 2 months, SPARC expression dropped back to normal levels compared to sham-operated hearts. Immunofluorescence analysis showed an increase of SPARC in the infarcted area 2 days after MI, a strong increase in the scar area 7 days after MI, and only low levels in the scar area 2 months after MI. Integrin α v inhibition abolished the upregulation of SPARC. In vitro migration assays demonstrated that fibronectin-stimulated haptotaxis of fibroblasts was modulated by SPARC. This study provides evidence that SPARC is significantly up-regulated in the infarcted region after MI. This up-regulation is dependent on α v integrins. As SPARC is found to regulate fibroblast migration, it appears to play an important role in the injured myocardium with regard to healing and scar formation.
Introduction
Following myocardial infarction, the injured heart tissue undergoes a process of wound healing and scar formation, which is necessary to maintain structural and functional integrity of the organ. The preservation of cardiac function partly depends on the invasion of cardiac fibroblasts and restructuring of the extracellular matrix (ECM). In particular, deposition of ECM proteins such as collagen, fibronectin (FN), and vitronectin (VN) at the infarcted area is thought to replace necrotic myocytes and leads to scar formation. The main family of cell surface receptors that sense the composition and structure of the ECM is the integrins [1] .
In addition to classical ECM proteins, a number of socalled matricellular proteins have been described. Their role in cell adhesion and ECM remodeling is less welldefined, but they seem to act as modulators of cell-ECM interactions. Prototype examples of matricellular proteins include thrombospondin (TSP)-1,TSP-2, tenascin C, osteopontin, and also secreted protein, acidic, and rich in cysteine (SPARC) [2] . Studies in SPARC knockout mice indicate that these proteins influence the wound healing response and play critical regulatory roles in tissue renewal [3] . SPARC, also known as osteonectin or BM-40, is an extracellular Ca 2+ -binding glycoprotein that promotes deadhesion of cells from the matrix and influences migration, proliferation, shape, and motility of cultured cells [4] . Recent studies have also indicated an increased expression of SPARC in the myocardium after injury or stress [5] [6] [7] .
High levels of SPARC expression are observed during tumor growth [8] and after tissue injury [9] . SPARC is able to promote prostate cancer cell migration, and this activity of SPARC is functionally connected to integrins α v β 3 and α v β 5 [10] . SPARC protein induction through β 3 -integrin expression has been reported [11] . These findings suggest that cell migration during tumor growth or wound repair is influenced by an interplay between integrins, including α v and the matricellular protein SPARC. However, the potential role of SPARC in the myocardium is still speculative, and how SPARC expression and function are integrated into the ECM remodeling events following myocardial infarction is currently unknown.
In the present study, we investigated altered gene expression of ECM proteins and SPARC in response to experimental myocardial infarction in the mouse. We followed the hypothesis that SPARC expression might be induced by integrins and that increased SPARC levels may account for scar formation after myocardial infarction via fibroblast invasion.
Materials and methods

Animal model
Adult male and female C57Bl/6 mice weighing 22-25 g at the beginning of the study were used. Myocardial infarction was induced as previously described under anesthesia by ligation of the descending branch of the left coronary artery. The overall mortality was 38% in the infarction group. Sham-operated animals underwent the same procedure except that no ligation was performed. No mortality was observed in this group.
RNA isolation and cDNA array analysis
Total RNA was extracted from the tissue of individual mouse hearts from five or six animals per treatment and time point using TRIzol (Invitrogen, Karlsruhe, Germany) according to the manufacturer's instructions. Following phenol/chloroform extraction, RNA quality was evaluated by spectrophotometry and formaldehyde agarose gel electrophoresis. RNA (5 μg) was used for reverse transcription with gene-specific primers in the presence of biotin-dUTP using the Ampolabeling LPR kit (SuperArray, Frederick, MD). Biotinylated cDNA probes were denatured, and individual samples derived from each animal of the different treatment groups were hybridized to the GEArray Q series cDNA array "Extracellular matrix and adhesion molecules" (SuperArray) at 60°C for 17 h. The GEArray membranes were then washed and blocked with GEA blocking solution, incubated with alkaline phosphatase-conjugated streptavidin, washed twice with 2× saline sodium citrate buffer (SSC) containing 1% sodium dodecyl sulfate (SDS) and then twice with 0.1× SSC/1% SDS at 60°C for 15 min each. Chemiluminescent detection was performed after incubation of the membranes with CDP-Star substrate (SuperArray). The results were analyzed using ScanAlyze2 software (M. Eisen, Stanford, CA) and the GEArray Expression Analysis Suite (SuperArray). Macroarray experiments were performed twice with each individual cDNA sample. In addition to the 96 gene-specific spots, the arrays contained positive [beta-actin, cyclophilin A, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ribosomal protein L13a] and negative (bacterial pUC18 plasmid) controls that were functional in each hybridization (for a complete list of genes and their localization on the array, see Supplementary  Table 1 ). Before individual experiments were compared, the signals derived from GAPDH were used to normalize the signal intensity of each membrane. Intensity differences of more than 1.8-fold were considered significant and are presented in Table 1 .
Tissue lysis and Western blot analysis
Mouse heart tissue was homogenized in 2% Tris-Triton buffer. Following electrophoresis, the proteins were transferred to polyvinylidene fluoride membranes (Invitrogen). Anti-SPARC antibodies (biotinylated, Cat. no. BAF941, R&D System, Minneapolis, USA) were used for detection of SPARC in Western blots. Blots were developed by enhanced chemiluminescence, and signals were detected by a digital imaging system (ChemiImager 5500, ALPHA Innotech, San Leandro, CA). The relative expression levels were determined after normalization using the signals of GAPDH in the corresponding samples.
In vivo inhibition of integrin α v Mice were treated in vivo with a specific integrin α v inhibitor (EMD 121974, Merck KG, Darmstadt, Germany) 1 day before myocardial infarction. Alzet osmotic mini pumps were implanted subcutaneously. The release rate was 1 μl/h per animal of either a solution of 100 mg/ml of the integrin α v inhibitor in 50% dimethyl sulfoxide (DMSO)/ phosphate-buffered saline (PBS) or DMSO/PBS alone (vehicle control). The inhibitor was characterized previously [12, 13] and used by our group to inhibit integrin á v function in smooth muscle cells [14] .
Isolation of myocardial cells and cell culture
Cardiac myocytes were isolated and cultured from hearts of 1-to 2-day-old neonatal Wistar rat, as described previously [15] . Isolated cells were pelleted by centrifugation at 1,600 rpm for 5 min at room temperature, resuspended in complete medium with 5% fetal bovine serum (FBS), and filtered through a metal sieve. The resulting cells were plated in 6-well dishes or Lab-Tek chamber slides (Nunc Inc., Naperville, IL, USA) at high density (6×10 5 cells/well or 2×10 5 cells/chamber). Mouse embryo fibroblasts were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% FBS.
Immunofluorescence staining
Fresh frozen ventricular tissue sections (5 μm) from mouse hearts were mounted on slides, fixed in 4% paraformaldehyde in Tris-buffered saline (TBS) for 15 min and treated for 20 min with 1% Triton X-100 in TBS. After blocking the sections in TBS containing 1% bovine serum albumin (TBSA), they were incubated overnight with goat anti-SPARC antibody (1:100; Santa Cruz Biotechnology, CA sc-13326) in TBSA. The sections were washed and further incubated with Cy2-coupled mouse anti-goat antibodies (Chemicon, Temecula, CA). For actin staining, phalloidinAlexa546 dye (Molecular Probes, Eugene, OR) was used. For nuclear staining, 4', 6-Diamidine-2'-phenylindole dihydrochloride (DAPI) was employed as described earlier [15] . In negative controls, either the first antibody was omitted or a SPARC-specific blocking peptide (sc-133269, Santa Cruz Biotechnology) was added at a dilution of 1:10.
ELISA assay
Secreted transforming growth factor (TGF)-β1 and platelet-derived growth factor (PDGF) were quantified using the Quantikine mouse TGF-β1 kit and PDGF kit, respectively (R&D System). SPARC protein was quantified using Osteonectin ELISA kit (US Biological, Swampscott, USA). Cells were processed and assayed according to the manufacturer's protocol. Briefly, serum-starved fibroblasts or cardiac myocytes were cultured on dishes that were plated with VN (1 μg/ml) or poly-L-lysin (ctr, 1 μg/ml) as control experiment. As stimulus, TGF-β1 (5 ng/ml; Calbiochem), or PDGF (5 ng/ml; Calbiochem) was added to the medium for 72 h. After treatment, conditioned medium was collected by centrifugation at 600×g for 5 min and stored at −80°C until the assay was performed. Cell numbers were determined, and protein values were normalized to cell numbers.
Cell migration assays
Millicell modified Boyden chambers (8-μm pore size; Millipore, Bedford, MA) were employed in haptotaxis assays as previously described [16] . Briefly, the lower surface of the Millicell polycarbonate membrane was coated with 100 μl DMEM containing the indicated proteins. Specifically, the underside of the membrane was coated with different combinations of FN and/or SPARC (cat. no. 499240; Calbiochem) with or without the specific anti-SPARC antibody (Santa Cruz Biotechnology) at 1 μg/100 ml. Incubation was at room temperature for 30 min. Cells were placed into 24-well plates containing 0.4 ml migration medium or migration medium with 0.5% FBS. The migratory cells on the lower membrane surface were fixed by methanol/acid treatment and stained with crystal violet (0.1% crystal violet, 0.1 M borate pH 9.0, 2% ethanol). Haptotaxis was quantified by counting cells in five random fields/chambers using a 20× objective in three individual chambers per sample. Purity of commercial SPARC preparations was tested with silver staining to rule out contamination with other growth factors ( Supplementary Fig. 1 ).
Statistical analysis
Analysis of variance (ANOVA) and unpaired t test were used for statistical analysis of the data. A level of p<0.05 Fig. 1 Gene expression analysis in mouse myocardium 7 days (MI-7d) after experimental myocardial infarction. A total of 112 cDNA fragments (400 bp in length) were examined including 96 spots representing extracellular matrix proteins, integrins, proteases, and related genes. Six spots (Negative control including blanks), four spots (positive control), and the two spots encoding the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used for normalization are indicated. All positive controls showed a clear hybridization signal, whereas negative controls consistently showed the absence of any hybridization signal. Membranes were hybridized with RNA isolated from individual animals. For the full layout of the array see supplementary Table 1 . a There are two representative membranes hybridized with RNA isolated from a sham-operated animal and an infarcted animal, respectively. Genes consistently upregulated more than 1.8-fold are shown in was accepted as statistically significant. Values are given as mean±SEM.
Results
Gene expression events following experimental myocardial infarction
To analyze gene expression events concerning ECM proteins and the respective cellular receptors and regulators, we compared heart muscle transcript levels of shamoperated animals to the RNA levels observed after experimental myocardial infarction by the help of GEArray cDNA macroarrays. The used arrays encompass 96 cDNAs encoding cell adhesion molecules, ECM proteins, and additional proteins that play central roles in cell-ECM interactions and tissue remodeling (for the layout of the array and the included controls, see Supplementary  Table 1 ). A total of 23 genes were found to be induced more than 1.8-fold 7 days after myocardial infarction (Table 1 and Fig. 1a ). As indicators for successful myocardial infarction and induction of cardiac remodeling, collagen and FN were strongly up-regulated [17] . Beside several ECM genes, a prominent induction was observed for the matricellular protein SPARC. Expression of SPARC was significantly increased after 2 days (2.65±0.24-fold, p<0.01) and 7 days (3.78±0.11-fold, p<0.01) following myocardial infarction.
SPARC protein levels are transiently increased during myocardial repair
To verify the results of the cDNA array analysis, we analyzed SPARC protein levels. In line with the observed changes in mRNA levels, SPARC protein levels were strongly increased upon myocardial infarction with a maximal induction at day 7 (Fig. 1b) (Fig. 1b) . Furthermore, the kinetic SPARC expression indicates that this protein presumably plays a transient role during the remodeling of the infarcted heart tissue. To analyze the tissue distribution of SPARC after myocardial infarction, frozen sections of infarcted tissue or control mouse hearts were stained with anti-SPARC antibodies and detected with fluorescence-labeled secondary antibodies.
To identify both cardiac myocytes and nonmyocytes, cellular actin and nuclei were also labeled with phalloidin-rhodamine and DAPI, respectively (Fig. 2) . To test for specificity of the SPARC antibody used, either the SPARC antibody was omitted (data not shown) or a blocking peptide (encompassing the region used to generate the SPARC antibody) was included. No significant SPARC staining could be observed in the negative controls ("blocking peptide" in Fig. 2) . Importantly, the expression of SPARC was low in normal heart tissue ( Fig. 2) . However, 2 days after infarction, significant increases in SPARC expression could be observed in the infarcted area. Similarly, a decrease in the phalloidin staining, suggestive of actin degradation in the infarcted zone, together with an increased number of nuclei, suggestive of invasion of inflammatory cells and fibroblasts, could be observed. Moreover, 7 days after the infarction, strong SPARC staining was evident with further reduction in the actin signal and a strongly increased number of nuclei (presumably nonmyocytes). SPARC deposition was localized dominantly to the infarcted area surrounding the invaded fibroblasts and inflammatory cells. Strikingly, 2 months after the experimental infarction, SPARC immunoreactivity in the infarcted area was decreased again to the background levels seen in normal heart tissue, while an organized scar tissue without actin staining and elevated nuclear signal from fibroblasts and other nonmyocytes could be seen. These data demonstrated that enhanced expression of SPARC is transient in the remodeling tissue. Furthermore, up-regulation of SPARC coincides with the invasion of fibroblasts and the induction of scar formation in the injured heart tissue.
Induction of SPARC depends on integrin α v function
Previously, we have observed a prominent role of integrins in modulating tissue remodeling events upon myocardial infarction [18, 19] . Therefore, mice that underwent myocardial infarction were simultaneously treated with a specific integrin α v inhibitor or the vehicle control. Gene expression events observed in infarcted animals treated with the vehicle control were identical to those observed previously upon myocardial infarction, and the same set of genes was found to be up-regulated after 7 days (Fig. 3a) . Importantly, up-regulation of SPARC expression following myocardial infarction was dependent on integrin α v function as the inhibitor blocked the increase in SPARC mRNA at day 2 (1.42±0.37-fold) and day 7 (1.64±0.29-fold) (Fig. 3a) after myocardial infarction. This was in contrast to the 2.58±0.24-fold and 3.78±0.11-fold induction of SPARC mRNA 2 and 7 days after infarction in the vehicle control group, respectively. Again, the up-regulation of SPARC mRNA levels was closely followed by similar increases in SPARC protein expression (Fig. 3b) . Inhibition of integrin á v severely blocked the increase in SPARC protein 2 days (1.58±0.24-fold vs 2.58±0.21-fold, p>0.01, n=12) and 7 days (1.63±0.22-fold vs 3.72±0.28-fold, p>0.01, n=12) after infarction (Fig. 3b) .
Induction of SPARC by TGF-β1 and PDGF in fibroblasts and cardiac myocytes
To investigate the cellular origin of SPARC and the role of integrin α v in this process, we stimulated isolated cardiac myocytes and fibroblast with VN. To our surprise, VN, a well-characterized ligand for integrin α v , had no effect on SPARC expression in cardiac myocytes or fibroblasts (Fig. 4b) . However, SPARC expression in isolated cardiac myocytes could be strongly stimulated by TGF-β1 (2.8± 0.1-fold, p<0.01) and PDGF (2.3±0.3-fold, p<0.01; Fig. 4a) . Similarly, treatment of fibroblasts with either TGF-β1 (3.9±0.26-fold, p<0.01) or PDGF (3.2±0.30-fold, p<0.01) significantly increased SPARC expression as compared to untreated cells (ctr, Fig. 4b) . Consistent with the failure of VN to stimulate SPARC expression, inhibition of integrin α v did not interfere with TGF-β1 or PDGFstimulated SPARC secretion as determined by ELISA assays (Fig. 4c,d) . SPARC secretion by fibroblasts in response to TGF-β1 or PDGF was considerably higher (TGF-β1: 855 ng/ml±46, PDGF: 721 ng/ml±44) than the levels of SPARC secreted by cardiac myocytes (TGF-β1: 220 ng/ml±33, PDGF: 189 ng/ml±25; Fig. 4c,d) . These results suggested that the effect of integrin α v on SPARC expression in vivo might be indirect, and integrin α v might function upstream from growth-factor-mediated stimulation of SPARC expression.
VN stimulates TGF-β1 and PDGF expression in cardiac myocytes
To investigate if integrin α v engagement might indirectly make an impact on SPARC gene expression by modulating the secretion of growth factors, we studied TGF-β1 and PDGF expression in cardiac myocytes after stimulation with VN. We observed that activation of isolated cardiac myocytes with VN (1 μg/ml) significantly increased TGF-β1 (423±115 pg/ml; n=12, p<0.05) and PDGF (84± 17 pg/ml; n=12, p<0.05) expression (Fig. 5a,b) . This increase was completely abrogated by the addition of an integrin α v inhibitor (Fig. 5a,b) . Interestingly, no significant stimulation of TGF-β1 and PDGF expression by VN was observed in fibroblasts (data not shown). Together, these data with isolated cells suggested that in vivo, a cross talk between different cell types might finally lead to SPARC secretion and that the initial VN-induced growth factor release from cardiac myocytes might promote strong SPARC expression predominantly by fibroblasts.
SPARC modulates the haptotaxis response of fibroblasts toward FN
To get an idea about the functional significance of SPARC during wound healing, we analyzed the haptotaxis response of fibroblasts on a FN matrix in the presence or absence of SPARC. Haptotaxis is the directed movement of cells induced by a gradient of an immobilized stimulus such as an ECM protein. It is used as a term to distinguish this migration from chemotaxis that is induced by soluble stimuli.
To this end, modified Boyden migration chambers were coated on the underside of the membrane with different combinations of FN and SPARC. Fibroblasts seeded into the top compartment were allowed to migrate for 7 h. Clearly, FN-coated chambers stimulated a dose-dependent migratory response, whereas in control chambers, where the membrane had been coated with BSA, fibroblasts did not migrate from the top to the bottom compartment (Fig. 6a) . Interestingly, coating with a combination of FN and a constant amount of SPARC (1 μg/ml) led to an increased haptotaxis response for each FN concentration tested (Fig. 6a,c) . The effect of SPARC could be blocked by adding a polyclonal anti-SPARC antibody, demonstrating the specificity of SPARC-mediated enhancement of FN-stimulated migration.
It is important to note that SPARC, on its own at concentrations ranging from 1 to10 μg/ml, did not stimulate cell motility (Fig. 6b) . Again, a combination of FN (1 μg/ ml) and low concentrations of SPARC (1 μg/ml) enhanced FN-stimulated fibroblast migration (Fig. 6b) . In contrast, when higher SPARC concentrations (5-10 μg/ml) were combined with a given concentration of FN (1 μg/ml), the promigratory activity of SPARC was reversed and an inhibitory effect of SPARC was observed (Fig. 6b,c) . This inhibitory effect of SPARC at higher concentrations could be overcome by addition of 0.5% FBS, demonstrating that the used commercial preparation of SPARC was not contaminated by general inhibitors of cell migration (Fig. 6b) . These results provide evidence that SPARC can modulate ECM-triggered haptotaxis of fibroblasts. Furthermore, these data are in line with the idea that SPARC acts as a switch to first promote, and then at higher concentrations, to shut off fibroblast migration during tissue remodeling events.
Discussion
Expression and abundance of ECM proteins and their cellular receptors undergo dramatic changes following myocardial infarction to preserve organ function. In the present study, we analyzed gene expression changes upon experimental myocardial infarction in the mouse and followed these changes in the course of the healing response up to 2 months after infarction. Most strikingly, we observed a transient increase in SPARC expression in response to myocardial infarction. Induction of SPARC was dependent in part on integrin α v function. In vitro, enhanced SPARC expression could be demonstrated mainly for fibroblasts but also for cardiac myocytes, e.g., if these cells were stimulated with TGF-β1 and PDGF. As SPARC modulated the FNstimulated migration of fibroblasts, our results pointed to an important role of SPARC in the transient healing response after myocardial infarction.
Several studies have indicated that SPARC expression is high during embryonic development, but usually low during normal postnatal life. However, SPARC can be induced in various tissues such as bone, gut mucosa, and skin during healing responses [20, 21] . In this context, SPARC may contribute to the reorganization of connective tissue and stimulate angiogenesis [22, 23] . It was already demonstrated, that the integrin inhibitor (EMD 121974) used in this study was able to inhibit angiogenesis [24] . With respect to heart tissue, SPARC is abundantly ex- Fig. 5 Growth factor expression from cardiac myocytes. Isolated cardiac myocytes were cultured on dishes, coated with poly-Llysin (ctr) of vitronectin (VN, an integrin α v ligand). TGF-β1 and PDGF-BB concentrations were determined in the supernatant of the cells. Concentration was determined using ELISA assays. There is a significant up-regulation of a TGF and b PDGF in cardiac myocytes after stimulation with vitronectin. Simultaneous addition of an integrin α v inhibitor (Inh) suppressed the increase in growth factor expression. Therefore, secretion of TGF and PDGF from cardiac myocytes is highly dependent on integrin α v function. *P<0.05 vs ctr (n=12) pressed in this organ during early development. In contrast, its expression in the heart is very low during adulthood [20, 22] . Importantly, increased mRNA levels of SPARC have been detected in the myocardium following myocardial infarction [5, 17] , indicating a role for SPARC in matrix remodeling during wound healing in the heart.
One important property of SPARC is its anti-adhesive effect. Accordingly, SPARC can modulate the interactions between cells and their surrounding matrix by inhibiting adhesion and spreading on a collagen matrix [25] . In the process of repair after myocardial infarction, necrotic cells in the infarcted area are gradually absorbed and replaced by scar tissue. Scar formation is already evident within a few days after infarction, and the scar tissue is characterized mainly by a collagen-and FN-rich ECM and the presence of fibroblasts (Fig. 7) . Our gene expression analysis demonstrates that SPARC is co-regulated together with several ECM proteins including collagen, FN, and laminin, and their enhanced transcription is detectable within 2 days after infarction. By immunostaining, the increased SPARC protein levels were mainly localized to the infarcted, necrotic tissue during the initial healing response. This early increase in SPARC might help to loosen the strong adhesive connections between surviving cardiac myocytes and connective tissue, thereby allowing the invasion of fibroblasts, facilitating tissue reorganization and scar formation.
The molecular mechanism that connects myocardial infarction with increased SPARC expression in vivo is currently unknown. To this point, our results clearly establish an important role for integrin α v in the regulation of SPARC in vivo, as SPARC mRNA levels were severely compromised in infarcted animals receiving a specific integrin α v inhibitor.
However, stimulation of isolated cardiac myocytes or fibroblasts with VN, a well-characterized ligand for integrin α v β 3 and α v β 5 , failed to induce SPARC secretion in vitro, suggesting that integrin α v has an indirect role in the upregulation of this matricellular protein. Our further experiments point to growth factors such as TGF-β1 and PDGF that moderately induce SPARC secretion in isolated rat neonatal cardiac myocytes, but very strongly in fibroblasts. In addition, these growth factors have been shown to increase SPARC expression in human gingival fibroblasts, rabbit articular chondrocytes, and human pulp cells [26] [27] [28] [29] .
Growth factor cDNAs were not included on the GEArray, and therefore, their regulation was not examined after myocardial infarction in the present study. Because of this, the level of TGF-β1 is strongly enhanced in infarcted compared to noninfarcted myocardium within 2 days after coronary artery ligation in the rat [30, 31] . The measurement of TGF, PDGF, and SPARC secreted from isolated cells in vitro suggests a coordinated sequence of events where, in a first step, integrin α v engagement on cardiac myocytes causes an up-regulation of TGF and PDGF. Inhibition of integrin α v can abrogate this VN-mediated increase in growth factor secretion. In a second step, we envision that SPARC expression is increased moderately after TGF and PDGF stimulation of cardiac myocytes in an autocrine manner. At the same time, the growth factors secreted by cardiac myocytes promote a strong increase in SPARC expression by fibroblasts. Such a two-step process that requires communication between different cell types would also help to explain why specific integrin α v inhibition that severely interfered with SPARC expression in vivo did not block growth factor-induced SPARC expression in vitro. Furthermore, it is also a key to understand the failure of VN to directly stimulate a significant level of SPARC expression by isolated cardiac myocytes or fibroblasts.
Together, these observations indicate a complex interplay between growth factors, integrins, and the induction of ECM and matricellular proteins that mediate the healing response in the infarcted heart. Recent work has also demonstrated that SPARC itself can up-regulate TGF-β1, and this up-regulation accounts for the secretion of collagen I in different cell types [32, 33] . Most importantly, our results provide novel insight into the functional role of SPARC in cell migration induced by immobilized ECM proteins. Clearly, SPARC alone did not serve as a haptotactic stimulus for fibroblasts. (Haptotaxis is the directed movement of cells induced by a gradient of an immobilized stimulus such as an ECM protein.) However, in combination with FN, low concentrations of SPARC (1 μg/ml) consistently elevated the promigratory effect of FN. These results are in line with previous reports that have indicated a positive effect of SPARC on FN-induced cell migration. Surprisingly, increases in SPARC concentration in the context of constant amounts of FN resulted in an impairment of FN-stimulated haptotaxis. These data suggest that the balance between SPARC and FN deter- Fig. 7 Schematic drawing summarizing wound healing processes after myocardial infarction (MI) with special regard to SPARC expression and fibroblast migration. a As a result of myocardial ischemia there is an increased expression of growth factors (e.g., TGF and PDGF) secreted from cardiac myocytes. These growth factors mainly act on fibroblasts. b Activated by TGF/PDGF fibroblasts increase SPARC expression. SPARC may open up spaces for the invading fibroblasts (possibly by activating MMP's) and simultaneously act as haptotactic stimulus to promote further fibroblast migration. c Fibroblasts at high density in the scar eventually cause wound healing and scar formation after myocardial infarction with deposition of collagen and reorganization of the extracellular matrix. In our model, SPARC not only contributes to the initial recruitment of fibroblasts to the infarcted area, but at higher concentrations also helps to limit fibroblast influx. SPARC concentration decreases gradually over time in the scar area, accompanied by a decrease in the number of fibroblasts in the scar. TGF transforming growth factor, PDGF platelet derived growth factor, ECM extracellular matrix mines the effect of these proteins on cell migration. Indeed, cell migration on ECM substrates requires an optimum balance between adhesion and detachment to allow efficient movement of adherent cells. The coexistent effects of SPARC on promotion and inhibition of migration have been also observed in a glioma cell line [34] . As SPARC modulates cellular adhesion to the ECM by direct interaction with several ECM proteins [35] , the concentration of SPARC and, more importantly, the ratio between SPARC and its binding partners in the ECM might influence fibroblast migration in a positive or negative way. It is interesting to speculate in this context that the transient accumulation of SPARC in the infarcted zone might initially contribute to enhanced fibroblast migration into this area, whereas later, with higher SPARC concentrations, further fibroblast migration will be limited. Clearly, studies with SPARC-deficient mice have demonstrated that this protein is required for a proper wound healing response and efficient cell migration in skin [36] , and this is consistent with our findings in the mouse heart after experimental myocardial infarction.
Together, our combined in vivo and in vitro data suggest an important modulatory role for the matricellular protein SPARC in the healing response following myocardial infarction. Deposition of SPARC in the infarcted zone seems to be intimately involved in scar formation, presumably by promoting the migration of fibroblasts. Whether the transient up-regulation of SPARC after myocardial infarction is essential for the maintenance of cardiac structure and function requires further investigation.
